Introduction
Since most secondary structure prediction methods consider only properties of individual residues and sometimes local interactions within short segments of the polypeptide chain, it seems reasonable to expect that the accuracy of these methods will stay around 65-70% (Rost and Sander, 1993) due to long-range inter-residue interactions, i.e. interactions between residues close in space but far apart in the primary structure of proteins (Kabsch and Sander, 1984) .
If long-range interactions limit the success of secondary structure prediction methods, then such methods should give worse results for regions of the polypeptide chain making a large number of long-range interactions. Our study indicates that this is not true. In a survey, we identified residues in 80 unrelated proteins which involved a large number of longrange interactions. Several secondary structure prediction algorithms were tested on this subset of residues against the rest of the sequences to gauge the influence of long-range interactions on prediction efficiency.
Methods

Database
Eighty high-resolution (better than 2.5 A) protein structures Institute of Enzymology, Biological Research Center, Hungarian Academy of Sciences, H-1518 Budapest, PO Box 7, Hungary To whom correspondence should be addressed were selected from the Protein Data Bank (PDB) (Bernstein et al., 1977) , each sequence was >50 amino acids long. The selection procedure was based on correlation coefficient calculations between residue pair frequencies of all proteins, followed by sequence alignments and cluster analysis (for details, see Fiser et al., 1996) . The PDB codes and chain identifiers are as follows: 155Ca, 1ACX, 1ALC, lBBPa, 1CC5, 1ECA, 1FKF, 1FNR, 1GCR, lGPla, lHDSb, 1HIP, 1HOE, 1LRD4, 1PAZ, 1PCY, 1PHH, lPRCc, 1RBP, 1RHD, 1RNH, 1SN3, lTPKa, lWSYb, 256Ba, 2ALP, 2AZAa, 2CAB, 2CD4, 2CDV, 2CPP, 2FXB, 2GN5, 2LH7, 2LIV, 2LTNa, 2OR11, 2PABa, 2RNT, 2RSPa, 2SECi,  2SNle,  2SNS, 2SODb, 2SSI, 2STV, 2TS1, 2UTGa, 2ADK, 3B5C,  3CLA, 3FXC, 3GAPb, 3LZM, 3SGBi, 451C, 4BP2, 4FD1,  4FXN, 4HHBa, 4HVPa, 4PEP, 4PFK, 4PTP, 4TNC, 5CTS,  5CYTr, 5EBX 5RUBa, 5RXN, 6LDH, 6TMNe, 7PTI, 8ADH,  8ATCb , 8CATa, 8DFR, 9PAP, 9RSAa, 9WGAa.
Highly interacting residues and 'stabilization centres'
Two residues were counted as interacting ones if the distance between the centres of any of their heavy atoms was smaller than the sum of the van der Waals radii of the heavy atoms in question plus 1.0 A. This is the most commonly used definition for interacting residues (e.g. Singh and Thronton, 1992; Swindells, 1995) and it gives more accurate results than the more general definitions, as for example considering an atomic contact if there were any two atoms of centre-tocentre distance less than 5 A (Russell and Barton, 1994) , 6 A (Narayana and Argos, 1984) or 6.5 A (Miyazawa and Jernigan, 1993) or considering the distance of C a (Tudos et al, 1994) . In this study, interactions between residues separated by at least 10 residues in the primary structure were considered as long-range ones.
We looked for those amino acids that formed the most long-range interactions in their environment.
In the first approach, we defined highly interacting residues by analysing the weighted sum of their interactions. For each residue, the number of long-range contacts was normalized by the maximum number of long-range contacts observed for that kind of residue. Then a residue was considered as a highly interacting one if it took part in more than a predefined threshold of the possible interactions of that kind of residue. This latter threshold was screened from 0% (all the residues in the long-range interaction were considered) up to the limit 70% where the population of subsets fell into 3% of the residues, thus further statistical analysis became uncertain, due to the large statistical error.
In another approach, we considered clusters of cooperatively interacting residues. Since these were expected to play a significant role in the stabilization of the tertiary structure of proteins, we called them stabilization centre elements. How to define residues which are involved in such significant long-range interactions is far from obvious. Very few attempts have been made in this direction (Heringa and Argos, 1991; Shindyalov et al., 1994 ) but a widely accepted definition cannot be found in the literature. Therefore, we should like to suggest a rather reasonable definition of when a residue can be considered as a stabilization centre element.
Stabilization centre residues were identified from protein distance maps. The sequence environment of each residue pair involved in a long-range interaction was analysed. For each such residue pair, we located two additional residue pairs within the flanking tetrapeptides of the original interacting residue pair making the most long-range interactions with each other; thus, 4 4 (= 256) possible local contact maps were analysed for every central interaction. If the number of interactions of these two triplets (the central interacting residues plus the two additional ones, one on each flanking side) was at least seven out of the possible nine contacts (at least in one case of the 256 possibilities), then the central residue pair were recognized as members of a stabilization centre. The length of the flanking regions (±4 residues away from the central one) emerged to recognize interactions involving helices as well. By using a smaller window size, residues in helix-helix contacts were overlooked by the procedure since only every third to fourth residue interacts in the helical wheel with the same molecular environment, while the intervening ones are exposed elsewhere. A larger window size did not perturb significantly the ratio of secondary structural elements at the stabilization centres. The limit of seven interactions out of the maximum possible nine was determined purely statistically. At this limit, roughly ~23% (3271 cases in 80 proteins) of the residues were considered members of stabilization centres. This fraction is large enough to perform statistical analysis, but small enough to identify a reasonable scaffold of the proteins as visualized by molecular modelling programs.
This way of defining the interacting residue clusters means that we are able to decipher cores of interacting residues from a protein distance map even if they appear as scattered points forming an irregular shape due to the sequential separation in any combination of joined secondary elements. The definition is as arbitrary as any definition and it may be not perfect, but it is at least the best of those we have tried so far.
We performed several secondary structure predictions expecting that the prediction methods would work significantly less efficiently at highly interacting residues and stabilization centre elements.
The secondary structural elements in the PDB files were identified by the DSSP program (Kabsch and Sander, 1983) .
Results and discussion
The results of the Chou-Fasman (CFA), the Deleage (DPM) (Deleage et al., 1988) , the GOR (Gamier et al., 1978) and the ALB (Ptitsyn and Finkelstein, 1983) predictions for highly interacting residues are shown in Figure 1 , and those for stabilization centres are listed in Table I . The distributed Chou-Fasman method (Chou and Fasman, 1978; Deleage et al., 1988) (part of the Antheprot 5.5 package) does not distinguish between coils and turns. In the case of the ALB prediction, we accepted the 'probably' predicted elements as certain ones, as the overall efficiency was raised 4-5% this way. Table I also contains the predictions for randomly generated subsets used as references together with their standard deviations. For each protein, 1000 different residue subsets were randomly created with a population similar to the stabilization centre residues. The efficiency of the predictions was evaluated by the Q 4 method: both the positive and negative correct predictions were counted and averaged (Schuiz and Schirmer, 1979) . This way of testing prevents the overprediction of frequently occurring elements.
When we considered highly interacting residues, we experienced only a marginal decrease in the prediction efficiencies (Figure 1 ). For example, at threshold 55% the most interacting 10% of the residues compared to the rest of the proteins but in general the differences remain in the 2 SD units approximity of the prediction efficiency of the reference set. The prediction efficiencies do not show a significant trend and usually remain close to the initial values (61-64%), far from the theoretically expected 50%.
In the case of stabilization centres, only a marginal decrease occurs in the prediction efficiencies (Table I) . A small decrease occurs for sheets, which are considered to be stabilized by many long-range interactions connecting them to each other. A closer look at the results shows that not even this small difference holds for the coil structure (except for the results of the ALB method): stabilization of these structural elements is dominated neither by short nor by long-range interactions (Table I ). The only structural elements where a tiny increase could be observed in the prediction efficiency are the turns: it seems that the possible sequence pattern variations are slightly more restricted at those turn points which are members of stabilization centres, the local interactions support similar conformations to the long-range ones in these cases. The averaged efficiencies of the four different prediction methods (DPM, GOR, ALB and CFA) are shown versus the applied threshold for highly interacting residues. The threshold is indicated on the topside, while the number of remaining residues underneath is expressed in percent. The applied threshold indicates the minimal number of relative long-range interactions to be made for a residue to consider it being a member of a stabilization centre.
The GOR method examines the properties of 15 continuous residues to predict secondary structure and, therefore, it considers a subset of residue pairs whose interactions are recognized as long-range ones in this study. Since the average number of residues of proteins we used is ~ 180, only 6% of the long-range interactions are expected to involve residue pairs separated by not more than 15 residues, while 94% of the long-range interactions are not considered by the GOR prediction. Therefore, if long-range interactions decrease the predictability of the secondary structure, we should expect about the same effect for the GOR method as for the other three methods studied.
The ALB prediction shows slightly unusual results, as the prediction efficiency increases for stabilization centre residues if they are in regular secondary elements (especially for helices). This effect might occur as the ALB prediction incorporates information on middle and long-range interactions for helices and sheets, using hydrophobicity patterns; thus, the method could be selective not only for the secondary structure elements, but for the stabilization centre residues as well.
One could think that if there is a single stabilization centre residue, e.g. one residue of a helix, then it might be misleading if we use the rest of the helix in the reference subset. Therefore, if there was an isolated, single stabilization centre element in the sequence, we completed it with its flanking four neighbours in the formation of the stabilization centre subset. The result of prediction efficiency on this Table I . The figures in the first row in each subtable show the prediction efficiencies on the whole sequences, while the second and third rows (in bold face) belong to those residues which are not members and are members of the stabilization centre subsets, respectively. The fourth row in each subtable (in italics), annotated as ref., indicates the prediction efficiency on randomly generated subsets with the standard deviation (5 subset did not show any difference compared to the whole sequences. Another approach to handle the single sequenceinterrupting stabilization centre elements is to exclude them from the analysis and to use only those centres which are formed by at least two, three or more consecutive stabilization centre elemnts. This approach showed differences in the prediction efficiency only in the case where the number of examples decreased significantly; thus, they behaved rather as scarcely populated random examples.
It is clear that there is only a little difference, if any, in the secondary structure prediction accuracy whether we use the stabilization centres or other parts of the sequences. These data suggest that the contribution of the long-range interactions to the inaccuracy of secondary structure prediction methods is not greater on those residues which are actually involved in significant long-range interactons than on the rest of the protein.
It is obvious that long-range interactions can indirectly influence the secondary structure of those segments which are not involved directly in this kind of interaction. For example, if a segment is preceded by and followed by segments which are parts of stabilization centres located far away from each other in the three-dimensional (3D) structure, the central segment has to adopt an extended conformation regardless of how many helix forming residues are in this segment if the long-range interactions in the two stabilization centres energetically overcompensate the energy difference of the helical and extended conformations of the central segment. In simple English, if prediction methods fail to predict the secondary structure of a certain segment, it does not indicate that the residues of this segment are involved in more than the average number of long-range interactions.
To explain the lack of a significant influence of long-range interactions on secondary structure specification, we should like to refer to the following. It was reported earlier by Kabsch and Sander (1984) that the same pentapeptide can adopt different conformations, and it was later observed for hexapeptides as well (Wilson et ai, 1985; Cohen et al., 1993) . Kabsch and Sander referred to long-range interactions as the reason. Our results suggest that it could occur not only because of the influence of long-range interactions, but also because of various other reasons: e.g. the conformation of many segments determined by interactions with residues of the adjacent segments. These interactions are not long-range ones. It was shown earlier that the 'predictability' of many segments depends on the secondary structures of the adjacent segments (Fiser et al., 1994) . Also, interactions between residues next to or close to each other are not properly considered in the secondary structure predictions (Wako et al., 1983) . Finally, one should also keep in mind that secondary structure itself is not always defined accurately (Barton, 1995) .
Another approach to elucidate the limits of the prediction efficiencies is discussed in a paper by Rackovsky (1995) . He analysed the aspects of the inverse folding problem and found that only ~73% of all possible four-residue fragments are restricted to a limited number of sequences if the 3D fold is given, while the remaining 27% can be satisfied by practically any fragment. Considering this high level of sequence plasticity for a given structure, there is little hope of guessing the secondary structure of this latter fraction purely from the sequence alone, since the 3D structure seems already to be determined uniquely by 73% of the residues.
